In this paper we describe a diagnostic study to investigate students' understanding of two basic formulae in physics. Based on the findings of the study, we have developed a classroom activity focused on the interpretation of formulae. The activity was developed cooperatively by physics education researchers and high-school physics teachers and was tried out in the teachers' classrooms. We describe the activity and present findings about students' attitudes towards the activity and the progress in students' understanding of three formulae.
Introduction
Do we expect that our students, who use formulae so fluently in problem solving, to be able to tell the meaning of each of the components of the formula, or the conditions under which the formula can be applied?
Here is something from our experience! A high-school physics teacher, with 32 students in her class, asked her students to draw an 'association map' related to the formula, v t = v 0 + at. Figure 1 illustrates a typical association map provided by one of her students.
Surprisingly, two thirds of her students did not indicate in their maps 'constant acceleration'. Namely, their associations did not include the condition under which the formula can be applied. Her finding is congruent with that of other teachers who report, for example, on their students' tendency to apply the above formula According to this definition, students can develop (or demonstrate) their 'understanding' of a formula, by showing an 'association map' associated to the formula, describing in words the components of the formula, identifying special cases of the formula, or applying it in problem solving.
Arons [2] , for example, recommends asking students, on a regular basis, to describe verbally the components of formulae.
In this paper we describe a diagnostic study, investigating several aspects of students' understanding of two basic formulae in physics.
Based on the findings of the study, we have developed a classroom activity focused on the interpretation of formulae. The activity was developed cooperatively by physics education researchers and high-school physics teachers and was tried out in the teachers' classrooms. Following the description of the activity, we will present findings from a classroom trial about students' attitudes towards the activity and the progress in students' understanding of three basic formulae.
Diagnosis of students' understanding of formulae
A diagnostic test, examining several aspects in the understanding of two basic formulae, was administered to 35 high-school physics students after they had completed learning about kinematics and dynamics (see the appendix). The formulae were:
We asked the students to:
• Write down, using physics terms, the meaning of each of the components of the formula.
• Specify the conditions under which the formula can be applied.
• Show that the units on the right side of the formula are identical to the units on its left side.
Analysis of students' answers to the above questions exposed several difficulties that students have.
More specifically, we identified the following aspects.
Vague description of the components of a formula:
Examination of the description of one component in each one of the two formulae yielded about 70% of the results to be vague descriptions.
• In the formula x = x 0 + v 0 t + 1 2 at 2 , t was described as 'time', while a precise description should be 'the time elapsed since t = 0'.
• In the formula F = m a, students ignored the and related their description to the force and not the net force.
Difficulties in specifying the conditions under which a formula can be applied:
80% of the students had difficulties in specifying the conditions under which the formulae can be applied.
• In the formula x = x 0 + v 0 t + 1 2 at 2 , students did not mention the fact that the formula applies only for objects moving with constant acceleration.
• On the other hand, in the formula F = m a, many students said that 'The second law deals only with objects moving with constant acceleration'.
Difficulties in manipulating the units of a formula:
67% of the students had difficulties showing that the units on the right side of a formula are identical to the units on the left side. In particular,
• In the formula x = x 0 + v 0 t + , but could not proceed any further.
• In the formula F = m a, many students could not show that the units on both sides of the formula are newtons (N).
The activity: 'interpretation of a formula'
Results from the 'association map' task and the diagnostic study were presented to teachers attending our professional development programs. The results amplified their personal experience regarding their own students' deficiencies in the qualitative understanding of formulae. Although high-school physics teachers are usually absorbed in their race to 'cover the material', they were willing to join a collaborative group of teachers and researchers, and developed a generic activity that we termed 'interpretation of a formula'. The activity leads the students to describe explicitly the components of the formula, its units and the conditions of applicability. The students are required to represent the relationships between the components of the formula in multiple ways, to identify special cases of the formula, and to explain, using their own words, the physical meaning of the formula in these cases. Finally, the activity guides the students to apply the formula in 'school-type problems' and real-life scenarios.
The characteristics of the activity are derived from research and are generally accepted as leading to good learning. This engages the students in active learning, interaction with peers, using multiple representations, relating formal learning to everyday experience and reflection [3] [4] [5] [6] .
In figure 2 we present the activity 'interpretation of a formula'. For the sake of clarity, we filled in the individual work phase for the formula
Implementing the activity
The activity takes 1-2 lessons to complete and consists of a five-phase cycle:
(1) Individual work, in which the students, guided by a set of tasks, explicitly elicit their knowledge about the formula. (2) Group work, in which the students are working in small groups, on the same set of tasks, evaluate their individual work, add new ideas, and reach a consensus (or disagreement). If students choose to carry out the individual work in pairs, it is important to exchange pairs in this phase. (3) Class discussion, in which a representative of each group presents the group's consensus; all the issues raised in the group work are discussed, under the guidance of the teacher, and a classroom summary is formulated. The classroom discussion can be managed in various ways: for example, dividing the blackboard into columns and asking the representatives of the groups to present selected pieces of their work. Getting the information from the groups before the class discussion simplifies managing this phase. The implementation of the activity in class repeatedly shows that each of the phases is important and has its own unique contribution to the enhancement of students' understanding of formulae. We strongly recommend that the first time the activity is implemented in class, all the phases are modelled to the students with a well known formula.
The effects of the activity
In the following paragraphs we present the following:
(1) Students' views on the activity. (2) The development in students' understanding of three basic formulae, using the following:
• identifying the condition under which the formula can be applied, and • identifying and/or explaining special cases of the formula.
Students' views on the activity
The activity was implemented in 8 classes with 140 high-school physics students. We analysed and categorized students' answers to the question: What did you learn from the activity? (The first question in the individual reflection phase of the activity.) We present, in table 1, the identified categories, percentages of students in each of the categories, and examples of students' answers. Since many students gave more than one answer to the question, the sum of percentages exceeds 100. The table indicates that the vast majority of students believe that the activity has contributed to their understanding of the specific formulae they have dealt with.
Some students also pointed out the contribution of the experience to the understanding of other formulae, and some claimed that the activity had a positive influence on their general learning skills.
Students' perceptions about the usefulness of the activity can also be implied from the fact that many of them requested that their worksheets be returned for later use, after completing the five phases of the activity. One student said: 'This worksheet will help me to prepare myself for the exam'. And another student said to her teacher:
'it is nice to have these types of questions as a homework assignment'. They also asked to use the activity more often, even in place of the regular problem-solving activities.
The development in students' understanding of a formula Ela, Igal and Felix (false names) are expert physics teachers of high-achiever students. They implemented in their classes all the five phases of the activity. Ela's students focused on the formula F = m a, Igal's students focused on the formula
at 2 , and Felix's students focused on the formula v
We examined in students' worksheets development during the activity in the following aspects of 'understanding' a formula:
• Identifying the condition under which the formula can be applied.
• Identifying and/or explaining special cases of the formula.
The percentage of students in each of the aspects was calculated from their answers to tasks 3 and 5 in the individual, group and class discussion phases. In tables 2 and 3, we describe these percentages and accompany the findings with claims from students' reflections about the changes as stated in their individual reflections.
As can be seen, in the transition during the phases of the activity, students significantly improved their ability to identify the conditions under which the above two formulae can be applied; in Ela's class the number of the students who claimed that the formula F = m a can be applied only when the acceleration is constant decreased significantly from the individual and group to the class discussion, whereas in Igal's class, the number of students who claimed that the formula x = x 0 + v 0 t + 1 2 at 2 applies for objects moving with constant acceleration increased significantly in the transition from individual and group to the class discussion.
Igal also told us that, in the individual work, most of his students conceived the formula x = x 0 +v 0 t + 1 2 at 2 as an arithmetic tool for calculating the unknown variables of a problem. As one of the students wrote: 'We can use this formula, when four variables are known and we are requested to calculate the fifth one'. Associated with the increase in the number of students who started to Table 2 . Patterns of changes in students' ability to identify the conditions under which the formulae can be applied as manifested in the transition from the individual phase to the group and class discussion phases, accompanied with examples from students' reflections about these changes. treat the formula as a physical entity, there was a decrease in the number of students who treated the formula as an arithmetic tool per se. Igal was delighted to find in his students' reflections statements like: 'I have learned the difference between arithmetical and physical conditions for application of a formula'.
While most of Ela's students did succeed in identifying F = 0 and F = mg as special cases of the formula (not shown in table 3), only a small percentage of her students succeeded in identifying F = const. as a special case of the formula, both in the individual and group work phases of the activity. This finding is congruent with students' tendencies to claim that the second law applies only for objects moving with constant acceleration. The class discussion, guided by the teacher, convinced students to consider F = const., the centripetal force and the harmonic force as special cases of Newton's second law.
About half of Felix's students managed, in the individual work, to recognize the case of (x t − x 0 ) = 0 as a special case of the formula v shown in the table) ; however, only a few (about 10%) could explain that the physical meaning of this case is that the object returns to its initial position with reversed velocity. Felix told us that although he identified a progression in the students' group work, he used Table 3 . Patterns of changes in students' ability to identify special cases of the formulae and/or explain their meaning, as manifested in the transition from the individual phase to the group and class discussion phases, accompanied with examples from students' reflections about these changes. did not know that the meaning of (x t − x 0 ) = 0 is that the object returns to its initial position with reversed velocity'. p < 0.001 in the transition from individual to class discussions the class discussion to revisit with his students the concepts of 'displacement' and 'velocity'.
Discussion
We have described in this paper a diagnostic study triggering the development of a generic activity for enhancing students' understanding of formulae. We also presented students' views about the contribution of the activity to their physics learning and demonstrated the progress in students' understanding of three formulae.
Informal talks with the participating teachers, shed light on additional benefits that teachers and students may gain from the activity.
The use of this activity on a regular basis enables teachers to identify deficiencies in students' knowledge as well as issues that require additional treatment. Some of these deficiencies surprise teachers and prompt them to cope immediately with the identified difficulties.
The activity also creates a context for 'talking physics'. Students' discourse includes the use of new physics terms or phrases, originating from the activity, such as 'the conditions of applicability of the formula'.
The collaborative nature of working with the activity encourages students who usually do not participate in traditional lessons to be more active. One of our teacher collaborators presented the following excerpt from the reflection of Noah, a low-achieving student: 'this activity increased my self-esteem-working individually on the worksheet and realizing that my contribution to the group work and the fact that the whole-class discussion is written on the board makes me feel good about physics'.
Since this activity is generic, it can be used flexibly in a wide range of topics and can be integrated into lessons employing a wide range of instructional methods, without the need for special additional resources.
Appendix
Consider the following formulae:
(1) Write down, using physics terms, the meaning of each of the components of the formula. (2) Specify the conditions under which the formula can be applied. (3) Show that the units on the right side of the formula are identical to the units on its left side.
